The self-assembly of Zn(II), Cd(II), or Hg(II) salts with long flexible 1,2,4-triazole-based ligands resulted in coordination polymers and mononuclear complexes of diverse topology. Indeed, the 1D chain [ZnCl 2 (btpm)] (1) (P1̅ ), the 2D square grid [Zn(btpm) 2 (H 2 O)](BF 4 ) 2 ·2btpm·8H 2 O (2) (P2 1 2 1 2), and the 1D chain [Cd 3 Cl 6 (btpm) 2 ]·8H 2 O (3) (P1̅ ) with btpm = bis(4-(1,2,4-triazol-4-yl)phenyl)methane were crystallized. In addition, the mononuclear complexes [ZnCl 2 (ppt) 2 ] (4) (I2) and [HgBr 2 (ppt) 2 ] (5) (C2) were obtained along with the 1D polymer [Cd 2 Cl 2 (ppt) 4 ](CdCl 4 )·4DMF (6) (P1) with ppt = (4phenoxyphenyl)-1,2,4-triazole. 1D chains of the formula [ZnCl 2 (tpca)] (7) (P2 1 /c) and [HgBr 2 (tpca)] (8) (P2 1 /c) along with the 2D net [Cd(tpca) 2 (H 2 O) 2 ]·2H 2 O (C2/c) (9) with tpca = N-(1,2,4-triazol-4-yl)pyridine-3-carboxamide were obtained. In addition, the X-ray structures of tpca and ppt are described. All compounds display solid-state blue luminescence, which has been investigated in detail. Electrochemical synthesis of 2, which has been rarely applied for MOF synthesis, revealed hollow particles.
INTRODUCTION
Azoles and their derivatives are widely used as organic connectors in supramolecular coordination chemistry, leading to a variety of networks due to their numerous coordination modes. 1−7 This includes monodentate, bidentate chelating, or bidentate bridging modes, depending on the position and the nature of the substituent at the azole ring. The types of architecture range from 1D azole coordination polymers (ACPs) to 2D or 3D metal-azolate networks (MANs) and frameworks (MAFs). 8−18 It is quite challenging to control the construction of polynuclear complexes, as structural modifications of building blocks influence the final structural motifs through covalent bonding and various weak interactions. Therefore, the selection of organic connectors with proper length, flexibility, and symmetry is critical to obtain special topology structures. The development of new organic connectors is, and will remain, an important aspect in supramolecular coordination chemistry.
ACPs, MANs, and MAFs have attracted considerable attention due to their fascinating architectures and topologies and their possible application in various areas such as catalysis, 19 chiral resolution, 20 gas storage, 21 luminescence, 22, 23 magnetism, 24 medicine, 25 spin crossover, 26, 27 etc. 1,2,4-Triazole and, in particular, its derivatives were used to tailor polynuclear complexes, including dinuclear, linear trinuclear, cyclic trinuclear, and hexanuclear ring complexes, to name a few. 1 Only a few examples that use "long" flexible 1,2,4triazole derivative ligands for the construction of MANs and MAFs have been reported, however. 28−32 Our laboratory is currently exploiting the potential of a transamination reaction to produce such molecules and build coordination polymers. 33 In order to investigate the influence of the length and flexibility of the ligand and the synthesis conditions on the architecture and luminescence properties of coordination polymers (CPs) and complexes, eight zinc, cadmium, and mercury derivatives of such compounds were prepared: namely, [ZnCl 2 (btpm)] (1), [ Z n ( b t p m ) 2 
RESULTS
2.1. Syntheses. The btpm molecule was prepared according to the procedure we previously described. 33 tpca and ppt were prepared via transamination, from nicotinic hydrazide and 4phenoxyaniline, respectively. Both molecules were prepared as single crystals suitable for X-ray diffraction. Crystal formation of the complexes was initially attempted by slow diffusion in MeOH because our ligands and metallic salts are both readily soluble in this solvent. This procedure led to powders which were recrystallized, leading to single crystals for 1 and 2. Solvothermal (with DMF) or hydrothermal conditions, followed by slow evaporation, led to single crystals for 3, 4, 6, 9, and 7, respectively. 5 and 8 were obtained by slow evaporation of the reactants. All complexes were investigated by FT-IR ( Figure S1 ), thermogravimetric analyses ( Figure S2 ), and CHN analyses as well as by single-crystal X-ray diffraction. Indeed, nine crystal structures of coordination complexes were obtained. For completeness, the crystal structures of tcpa and ppt are also presented.
2.2. Crystal Structures. In the following, we present crystal structures of the molecules tpca and ppt as well as the coordination complexes 1−9. Crystallographic data are given in Table 1 , whereas bond lengths and bond angles are gathered in Tables S1−S9. Crystal and molecular structures are shown in Figure  1 ) was crystallized by slow evaporation from a methanolic mother solution and afforded colorless needlelike crystals. Single-crystal analysis shows that tpca arranges itself in the Icentered monoclinic space group I2/a. In its free form, the triazole unit is rotated out of the plane formed by the rest of the molecule, by about 60°. The tpca molecules are packed into layers, stretching along the b axis, with hydrogen bonding between the central N−H and a triazole nitrogen (N−H···N = 2.02 Å; N···N = 2.782(4) Å; Table S10), resulting in a zigzag organization of molecules within this layer ( Figure 2 ).
2.2.2. Crystal Structure of 1-(4-Phenoxyphenyl)-1,3,4triazole (ppt). The crystal structure of ppt (Figure 1 ), obtained by recrystallization from MeOH, shows P2 1 /n symmetry. The triazole ring is angled at about 44°from the central phenyl ring, which in turn is tilted about 70°from the terminal phenyl ring. The crystal packing is stabilized by parallel displaced π−π stacking interactions around the inversion center, involving the central aromatic ring system, with a perpendicular distance between the centroid of the ring and the corresponding plane of 3.3017(6) Å.
2.2.3. Crystal Structure of [ZnCl 2 (btpm)] (1). CP 1 crystallizes in the triclinic space group P1̅ . Its asymmetric unit contains one Zn(II) cation, one V-shaped btpm ligand, and two chloride atoms. The Zn(II) cation is coordinated by two triazole N atoms of two bridging btpm ligands and two chloride ions (Figure 3 ), forming a distorted-tetrahedral ZnN 2 Cl 2 geometry with a distortion parameter τ 4 of 0.88. We recall that for an ideal square-planar geometry τ 4 = 0, while for an ideal tetrahedral geometry τ 4 = 1. 37 The V-shaped btpm ligand bridges (via the coordination mode III, Scheme S1) two Zn(II) atoms to form a 1D linear polymeric chain with a Zn(1)···Zn(1) distance of 15.18(2) Å and Zn(1)···Zn(1)···Zn(1) angle of 180°( Figure 3 ). While the angle between the 1,2,4-triazole and phenyl ring planes is 22.1°on one side, it is 52.1°on the other. The dihedral angle between the phenyl rings is 69.7°. The CH 2 linker of the ligand angles at 116(1)°, and the dihedral angles between consecutive aromatic rings reduce the angle, resulting in a Zn− CH 2 −Zn angle of 106.8(1)°. unit contains an independent Zn(II) cation, one coordinated Vshaped btpm ligand, one uncoordinated V-shaped btpm ligand, half of a coordinated water molecule, four lattice water molecules, and one tetrafluoroborate anion. The coordination geometry around the Zn(II) cation is a distorted ZnN 4 O trigonal bipyramid. Zn(1) is bonded by four N atoms from four V-shaped btpm ligands and one O atom from a water molecule.
The structure of 2 can be described as a 2D square-grid coordination polymer (along the ab plane) with dimensions of 15.157 × 15.157 Å and diagonal-to-diagonal Zn···Zn distances of 20.7 × 22.1 Å. It is constructed from 64-membered nonplanar rings. Each ring is built from four Zn(II) centers bridged by four btpm ligands with coordination mode III (Scheme S1). The structure of 2 affords a 2D 4-connected unimodal network with point Schlafi symbol {4 4 .6 2 } and exhibits a sqlnet topology, which was determined by using the program package Top-osPro. 38 The channels are occupied by free lattice water molecules and BF 4 − anions, and the 2D layers are placed on top of each other, forming channels along the c axis and sandwiched free ligands between coordinated ligands held together by C−H···π interactions between the central methylene group and phenyl rings of neighboring molecules X−π of around 3.5 Å. The structure is further stabilized by two hydrogen bonds between the coordinated water and the free btpm ligand (Figure 4 ), as such forming a 3D supramolecular framework. The isolated water molecules could not all be refined as fully occupied, probably due to the loose association of the CP and the possible mobility within the open channels.
The CH 2 group of the btpm ligand behaves more tetragonally, with an angle involving the pivot atoms of the connecting phenyl rings measured at 110.9(4)°. The Zn−CH 2 −Zn angle follows the same trend and shows an angle of 103.53°; the free btpm ligand, less restrained by the participation in a 2D network, has a slightly wider angle around the CH 2 moiety (112.6(5)°). Searches in the CSD database reveal that the average angle is found to be 114(3)°. 39 Dihedral angles between neighboring aromatic rings are 26.80, 70.84, and 12.32°for the coordinated ligand; the triazole−phenyl dihedral angles for the uncoordinated btpm show that the consecutive rings are almost planar (0.34 and 8.21°), and the angle between the phenyl rings is comparable to that of the coordinated btpm (71.25°).
2.2.5. Crystal Structure of [Cd 3 Cl 6 (btpm) 2 ]·8H 2 O (3). CP 3 crystallizes in the triclinic space group P1̅ . The asymmetric unit contains two crystallographically independent Cd(II) cations, three chloride anions, one V-shaped btpm ligand, and four lattice water molecules, one of which is found disordered over two sites. The btpm ligand exhibits a bent conformation and shows a μ 4tetradentate coordination mode (coordination mode 1, Scheme S1) through two triazole N,N bridges. 3 is made up of linear trinuclear Cd units, interconnected by two μ 2 -bridging chloride atoms to form a polymeric 1D chain along the a direction. In the trinuclear fragment, the central Cd(II) cation is positioned on an inversion center, coordinated by four N atoms of four btpm ligands and two chloride atoms, and links to the terminal Cd(II) cation by one μ 2 -bridging chloride and two triazole N,Nbridging btpm ligands, separating both Cd(II) cations 3.887 Å from each other. Three chlorides (one terminal Cl atom and two bridging μ 2 -Cl atoms) complete the coordination sphere of the terminal Cd(II) cation ( Figure 5 ). CP 3 possesses 3D interpenetrating channels amounting to about 915 Å 3 or about one-third of the unit cell. The cavities were partially filled with localized water molecules; in the main channel along the a direction, surrounded by the 2D polymer, a void space with disordered solvent molecules is present (204 Å 3 per channel), which was treated by the Platon Squeeze algorithm. 40 The 2D layers are connected by π−π stacking interactions between triazole and phenyl rings on both sides of the btpm ligand to form a 3D framework. The centroid− centroid distances are 3.741(5) and 3.832(5) Å, with almost parallel dihedral angles (α), 6.4(4) and 4.0(4)°, respectively. The β angles, defined as the angle between the centroid− centroid vector and the ring normal, are 23.1 and 22.6°, respectively. Slippage is 1.47 Å for both interactions. Minor fullmolecule disorder is observed, which could only be modeled for the Cd 3 Cl 6 unit, amounting to about 6% observed disorder.
Four Cd(II) cations are linked by four N atoms of the Vshaped btpm ligand along the c direction, with Cd···Cd distances of 17.624 Å. 3 forms a 2D biwave layer, as Cd(II) cations are linked by the bent btpm ligand from two directions. The CH 2 angle is stretched, 117.1 (7) °. The angles between the 1,2,4triazole and phenyl rings are 19.91 and 23.21°, and the angle between both phenyl rings is 50.34°.
The structure of 3 affords a binodal network with point Schlafi symbol {3 12 .4 14 .5 2 }{3 6 .4 6 .5 3 } 2 and exhibits a 6,8-c net topology with stoichiometry (6-c) 2 (8-c). The topology of polymer 3 was determined using the program package ToposPro. 38 2.2.6. Crystal Structure of [ZnCl 2 (ppt) 2 ] (4). Compound 4 crystallizes in the chiral monoclinic space group I2, and its asymmetric unit contains one and a half [ZnCl 2 (ppt) 2 ] complexes; one formula unit is found disordered around the crystallographic 2-fold axis, with the Zn(II) metal ion found in close proximity of this axis ( Figure 6 ). The Zn(II) ion adopts a slightly distorted tetrahedral geometry, and each Zn(II) ion is coordinated by two chloride atoms and two triazole N atoms of two ppt ligands, to form a mononuclear complex.
2.2.7. Crystal Structure of [HgBr 2 (ppt) 2 ] (5). 5 crystallizes in the monoclinic space group C2, with half a formula unit in the asymmetric unit. The crystallographic 2-fold axis generates a tetrahedral coordination sphere around the Hg(II) cation, with a τ 4 value of 0.75. 37 As can be seen from Figure 7 , complex 5 is highly isostructural with 4 at the molecular level, up to the relative orientation of the aromatic rings. As in 4, the Hg(II) cation is four-coordinated by two N atoms from two different 1,2,4-triazole groups and two halogen atoms (Br).
In the crystal packing, [HgBr 2 (ppt) 2 ] units stack onto each other along the 2-fold axis, stabilized by parallel displaced π−π stacking between the 1,2,4-triazole ring and the central phenyl ring of the stacked unit. This interaction is characterized by a centroid−centroid distance of 3.802(5) Å, a dihedral angle α between the rings of 13.9(5)°, and a β angle of 16.2°. Slippage is calculated as 1.063 Å. Similar stacking patterns were also noticed in 4; however, due to the orientation of the aromatic rings, classifying these interactions as π−π stacking is less obvious. 2.2.9. Crystal Structure of [ZnCl 2 (tpca)] (7) . Compound 7 crystallizes in the monoclinic space group P2 1 /c, and its asymmetric unit contains one formula unit. The Zn(II) ion is four-coordinated via two N atoms (one from the triazole ring and one from the pyridine ring) of the two bridging tpca ligands and two chloride atoms (Figure 9 ) to form a distortedtetrahedral ZnN 2 Cl 2 geometry with the distortion parameter τ 4 = 0.90. 37 The adjacent Zn(II) ions are linked by tpca ligands to form an infinite wavy chain with a Zn···Zn distance of 10.371 Å.
2.2.10. Crystal Structure of [HgBr 2 (tpca)] (8) . The CP chain formed between HgBr 2 and tpca8 is isostructural with 7 ( Figure  9 ); the increase in unit cell volume from 1164 to 1300 Å 3 can be attributed to the larger volume occupied by the Hg and Br atoms, in comparison to the Zn(II) and Cl(II) ions. The distortion parameter τ 4 is 0.77. 37 2.2.11. Crystal Structure of [Cd(tpca) 2 (H 2 O) 2 ]·2H 2 O (9). CP 9 crystallizes in the monoclinic space group C2/c. The asymmetric unit contains a Cd(II) cation, one deprotonated tpca ligand, one coordinated water molecule, and one free lattice water molecule. As shown in Figure 10 , the Cd(II) ion sits in a distorted-octahedral CdN 4 O 2 geometry with the equatorial positions taken by four nitrogen atoms (two from the triazole ring and two from the pyridine ring) of the four bridging tpca ligands. Axial positions are filled by two coordinated water molecules.
The structure can be described as two interpenetrating 2D square-grid CPs (along the bc plane) with dimensions of 11.545 × 11.545 Å and diagonal-to-diagonal Cd···Cd distances of 16.096 × 16.556 Å. It is constructed from 36-membered nonplanar rings. Each ring is built from four Cd(II) centers bridged by four tpca ligands with coordination mode II (Scheme S2). The structure of 9 affords a 4-connected uninodal 2D network with point Schlafi symbol {4 4 .6 2 } and exhibits a sql net topology. 38 The cavities are occupied by free lattice water molecules that in combination with the coordinated water molecules extend the 2D interpenetrating CPs into a 3D framework through hydrogen bonding ( Figure 10 ).
2.3. Luminescent Properties. Emission and excitation spectra of compounds 1−9, as well as those of the corresponding ligands (btpm, tpca, and ppt) were investigated at room temperature in the solid state ( Figure 11 ). While all of the CPs were found to display a conspicuous blue to blue-green ligandbased luminescence, which is typically observed for many d 10 metal complexes carrying N-donor aromatic subunits fixed in a favorable structural orientation, 42−44 the nature of the emissive excited states shows a remarkable diversity, as will be further discussed below.
The luminescence spectrum of the free btpm ligand consists of two bands with emission maxima at λ = 370 nm and λ = 485 nm, respectively ( Figure 11 ). The short-wavelength component of the luminescence spectrum with a narrow bandwidth and a rather small Stokes shift can be tentatively assigned to the normal "locally excited" ligand-centered (LC) fluorescence involving the aromatic π-electron system, 45 while the additional broad and red-shifted band is ascribed to an intraligand charge transfer (ILCT) state involving both the 1,2,4-triazole and the phenyl moieties of the btpm ligand. In the latter case, the two aromatic rings are expected to approach a coplanar conformation with substantial degree of electronic coupling, thus causing the observed bathochromic shift of the luminescence spectrum. Such intramolecular charge transfer interactions essentially depending on the orientation of the aromatic ring systems have already been well-described for N-phenylpyrrole derivatives and related chromophores. 46, 47 As an effect of the metal coordination, in the Zn(II) and Cd(II) complexes 1−3 the characteristic broad ILCT-type luminescence of the coordinated btpm ligand is slightly blue shifted with the corresponding band maxima occurring at λ = 480 nm and λ = 470 nm, respectively ( Figure 11 ). For the Cd(II) compound 3, an additional short-wavelength feature occurs in the luminescence spectrum as a shoulder at around λ = 440 nm. This difference between Zn(II) and Cd(II) complexes of btpm, together with the energetic position, 48 might indicate the presence of ligand-centered phosphorescence in 3 due to increased spin−orbit coupling mediated by the coordinated Cd(II) cation. More detailed studies including luminescence lifetime measurements, however, would be necessary in order to further corroborate this assumption.
A quite similar luminescence behavior which can also be ascribed to the presence of the N-phenyltriazole subunit is observed in the case of the ppt ligand, as shown in Figure 11 . Upon UV light excitation (350−360 nm), the free ligand shows an ILCT emission band at λ = 440 nm, which is hypsochromically shifted to λ = 430 nm in the d 10 metal complexes 4−6.
For the tpca systems studied, because of the different ligand structure, there is no indication for an ILCT interaction between the 1,2,4-triazole and the pyridine subunits, which would require the possibility to form a π-conjugated coplanar orientation directly coupling both aromatic rings. The tcpa luminescence spectrum recorded in the solid state can thus be interpreted as a regular fluorescence of the free ligand with a maximum at λ = 410 nm arising from a localized π−π* transition, similar to the solid-state luminescence properties of other blue-light emitters with an aromatic carboxamide moiety. 49 Excitation spectra for the λ = 410 nm peak maximum support this assignment to a localized LC state ,as shown in the case of complex 8 by the presence of a conspicuous vibronic pattern originating from the emissive aromatic moiety. When the pyridine and the triazole subchromophores of two different tcpa ligands, however, are arranged together by coordination to a common d 10 metal center, the dominant part of the luminescence spectrum may significantly shift to longer wavelengths ( Figure 11 ). This approximation of donor and acceptor subunits mediated by metal complex formation can obviously give rise to luminescent ligand to ligand charge transfer (LLCT) states. 50 For the Cd(II)and Hg(II)-containing CPs 8 and 7, the maximum of this LLCT emission is observed at λ = 440 nm, which is quite similar in energy to the charge transfer states observed for compounds 1− 4 and 6 and closely matches the band maximum in d 10 metal complexes with electronically coupled pyridyl-tetrazole ligands. 51 The Zn derivative 7, which also displays such a tpcabased LLCT band at λ = 440 nm, quite remarkably also shows an additional peak with a maximum at around λ = 500 nm as the most prominent emission band. This luminescence feature, which is absent in complex 9, can be ascribed to the presence of chloride ligands in 7 and is tentatively assigned to a low-lying halide to ligand charge transfer (XLCT) state, 52 corresponding to an electronic transition between the chloride donor and the tpca acceptor subunits of the Zn(II) complex. Such a preliminary assignment could be further confirmed by changing the halide donors X from chloride to bromide and iodide, which should then lead to an increasing red shift of the corresponding XLCT luminescence maximum. Indeed, available data in the literature reported for similar d 10 metal coordination polymers based on 1,2,4-triazole-containing ligands clearly follow such a trend in their emission properties. 53 Moreover, the emission spectra of the Hg(II) complexes 5 and 8, both carrying bromide ligands, also display such longer-wavelength luminescence features at λ = 540−550 nm, which corroborates the tentative assignment as halide to ligand type (XLCT) luminescence.
Crystal Growth & Design
2.4. Electrochemistry. The electrochemical (EC) method is regarded as a promising synthesis route to CPs/MOFs as thin films, powders, and single crystals. 54 In particular, the EC method is a valuable alternative to solvothermal techniques, which often lead to decomposition of the starting reagents, to synthesize MOFs more quickly and potentially in a continuous mode. 55, 56 The method is based on the dissolution of a metal anode in a solution containing the ligand molecule. When appropriate parameters are selected, the process can result in compact CP layers on the electrode. Of immense interest are the 2D graphene-like MOFs due to their multifunctionalities (e.g., electrical conductivity and fast sensing applications). 57 For this purpose, we have focused in this work on the 2D network [Zn(btpm) 2 (H 2 O)](BF 4 ) 2 ·2btpm·8H 2 O (2). Several exploratory experiments were run in order to verify the feasibility of the EC synthesis of this 2D network 2.
Electrodeposition resulted in the formation of an amorphous layer on the Zn electrode and a precipitate in the electrolyte. XRPD of the Zn electrode only shows peaks of Zn (Figure 12a ). Investigation by X-ray powder diffraction of the precipitate collected by filtration demonstrated the amorphous character of the precipitate (Figure 12b ) in contrast to the crystalline Figure 11 . Luminescence and excitation spectra of btpm, ppt, tpca, and 1−9 in the solid state at room temperature. character of the microcrystalline powder obtained by classical solution chemistry (Figure 12c ).
The SEM investigation of microcrystalline particles obtained by solution chemistry synthesis revealed crystallites of dodecahedral shape (Figure 13 ). This observation confirms the crystalline character of 2 suggested earlier by XRD ( Figure  12c ) and confirmed by the obtainment of single crystals that were used to obtain the crystal structure of this material ( Figure  4) . Figure 14 shows the SEM of powder samples synthesized electrochemically. The obtained agglomerates have dimensions similar to those synthesized by classic solution chemistry ( Figure  13 ). However, spherical clusters with micrometric dimensions were identified. Magnification shows hollow structures of ∼1 μm diameter with potential porous properties ( Figure 14) .
Electrochemically deposited layers of 2 consist of the same, well-intergrown particles as shown in Figure 14 , but the coatings are often cracked (Figure 15 ) and do not show a crystalline XRD pattern (Figure 12a ).
DISCUSSION
The CP architecture is governed not only by the length of the ligand spacer but also by the possible coordination number and modes of these modules connecting the metal centers. Moreover, the synthetic pathway also determines the topology outcome and the thereby associated properties. Using the versatile 1,2,4-triazole moiety as a building block, three flexible, bent ligands were synthesized: btpm, a symmetric molecule, which can coordinate up to four metal centers and is prone to give potentially 1D, 2D, and 3D coordination polymers, tpca, which is likely to act as a bridging ligand through the 1,2,4triazole unit and the pyridine nitrogen, and ppt, for which only the 1,2,4-triazole unit can coordinate, thereby leading at best to 1D coordination polymers (Scheme S1). Schemes S1−S3 give the possible coordination modes for these three molecules. The choice of flexible ligands over rigid ones allows more variety in the target structure, especially in combination with the bent character of the synthesized ligands. The influence of the anion was also investigated, limiting the coordination centers to group 12 transition metals. 58 Recrystallization from water of the precipitate obtained by the self-assembly of the symmetrical V-shaped btpm molecule with ZnCl 2 by slow diffusion afforded the linear 1D coordination polymer [ZnCl 2 (btpm)] (1) by repetition of ZnCl 2 (btpm) units, with the btpm ligand acting as a bidentate bridging spacer (coordination mode III, Scheme S1) coordinating two tetrahedral Zn nodes, spaced out by 15.18(2) Å.
The anion plays a significant role in controlling the topology as well, since replacing Cl by with the weakly coordinating anion BF 4 resulted in the 2D coordination polymer [Zn-(btpm) 2 (H 2 O)](BF 4 ) 2 ·2btpm·8H 2 O (2). The btpm ligand coordinates as in 1, but four ligands are arranged around every Zn(II) cation, and a coordinated water molecule completes the coordination sphere. Given that a crystallographic 2-fold symmetry axis coincides with the Zn−O w axis, the complex could be described as a distorted square pyramid, where the coordinated water molecule occupies the axial position. The distortion parameter τ 5 of 0.69, however, indicates a trigonalpyramidal geometry. 59 Wang and co-workers 60 obtained under hydrothermal conditions the CP [Zn 2 (btpm) 3 (H 2 O) 4 ](NO 3 ) 4 · H 2 O, whose crystal structure shows interpenetrating sheets when btpm is reacted with Zn(NO 3 ) 2 , showing the influence of the synthesis conditions on the overall topology. The reported structure has octahedral Zn geometries, and coordination modes I and III (Scheme S1) are both present. The hydrothermal r e a c t i o n o f b t p m a n d C d ( N O 3 ) 2 p r o v i d e d [Cd 2 (btpm) 3 (H 2 O) 4 ](NO 3 ) 4 ·3.5H 2 O with a similar molecular structure. 60 The use of strongly coordinating anions (CdCl 2 ) resulted in the compound [Cd 3 Cl 6 (btpm) 2 ]·8H 2 O (3) under solvothermal conditions, which only shows the μ 4 -tetradentate coordination mode (I in Scheme S1), and a bridging Cl anion takes the role of the btpm ligand. 3 forms a polymeric 1D chain by repetition of linear trinuclear Cd units; the central Cd(II) ion is positioned on an inversion center and on either side is coordinated by two bridging triazole moieties and a bridging Cl atom, adopting a distorted octahedron, with distortion parameters 41 Σ = 56°and θ = 360°. The terminal Cd(II) ions are also found in octahedral environments which are completed by three Cl atoms; two of these are bridging with a neighboring trinuclear unit, and one is a terminal Cl atom (distortion parameter Σ = 85°and θ = 362°). While octahedral geometries for Cd(II) are quite common, it is mostly observed with chelating ligands.
Although complexes [ZnCl 2 (ppt) 2 ] (4) and [HgBr 2 (ppt) 2 ] (5) are obtained by different reaction pathways, hydrothermal and slow diffusion, respectively, the overall conformations of 4 ]CdCl 4 ·4DMF (6), where the weakly coordinating anion CdCl 4 2− was surprisingly formed in situ. The ppt ligand is bridging two Cd(II) ions in coordination mode 1 (Scheme S3). 6 shows that coordinating anions can lead to unpredictable topologies, especially if the anions can behave as bridging entities, as they do here.
The situation with the tpca ligand is rather different. Indeed, in addition to coordination sites on either side of the ligand (triazole and pyridine), hydrogen bond donor (NH) and acceptor sites (CO) are also present at the center of the ligand, with the potential of stabilizing the crystal structure. The reaction under solvothermal (DMF) conditions between ZnCl 2 and tpca provides the 1D coordination polymer [ZnCl 2 (tpca)] (Table S10 ) and glues together two tpca ligands through the CO and 1,2,4-triazole units and a coordinated water molecule.
CONCLUSION
In this paper, we have presented the structural investigation of a series of seven Zn(II)/Cd(II)/Hg(II) coordination polymers exhibiting various types of molecular architectures as well as two mononuclear complexes made of 1,2,4-triazole building blocks. The construction of these coordination polymers demonstrates that the substituents on the 1,2,4-triazole ring and the anions are critical in determining the molecular architecture and topologies of the metal-triazole coordination polymers. All of the complexes exhibit intense blue luminescence of different origin in the solid state at room temperature (including examples of dual emission), which have been tentatively assigned to involve low-lying excited states giving rise to electronic transitions of ligand-centered or charge transfer type. Electrochemical synthesis of the 2D network 2 was successfully carried out, revealing hollow particles. Chemicals. 4,4′-Methylenedianiline and 4-phenoxyaniline were purchased from TCI Chemicals. All other chemicals were standard reagent grade and were sed as supplied. N,N-Dimethylformamide azine dihydrochloride and bis(4-(1,2,4-triazol-4-yl)phenyl)methane (btpm) were prepared according to our literature procedure. 33 5.1.2. Physical Measurements. Elemental analyses for C, H, and N were performed on a Thermo FinniganFlashEA 1112 CHNS-O Analyzer as well as an instrument by MEDAC, UK. Mass spectra were recorded in methanol on a Thermo Finnigan LCQ Ion Trap spectrometer in ESI mode, detecting positive ions. 1 H NMR spectra were recorded in DMSO-d 6 solution with tetramethylsilane (TMS) as an internal standard at ambient temperature on a Bruker AC 300 MHz spectrometer. FT-IR spectra were recorded as KBr pellets on a Shimadzu IRAffinity-1 FT-IR spectrophotometer (50 scans with a resolution of 4 cm −1 in the range 400−4000 cm −1 ). The luminescence measurements were carried out in the solid state at room temperature using a Horiba JobinYvon Fluorolog-3 spectrofluorometer equipped with two double-grating monochromators, a R928P photomultiplier, and an FL-1040 phosphorimeter. All emission spectra were corrected for wavelength-dependent instrument and detector response and verified by collecting the corresponding excitation spectra. All electrochemical experiments were controlled with an EG&G potentiostat/galvanostat (Model 273). A small electrochemical cell (10 mL) including a Pt foil (ca. 5 cm 2 ) as the counter electrode, a homemade Ag/AgCl (3 M KCl) electrode as the reference, and a zinc anode was used. All plates (ca. 0.5 cm 2 ) were polished and cleaned with ethanol before being used in the cell. The electrolyte was based on the same concentration as that for the btpm molecule used for the solution synthesis of 2 (53 mg/25 mL, or 21 g/L) with 4.8 g/L of NaBF 4 to compensate for the absence of BF 4 − ions normally introduced in the solution with the metal salt. To compensate for the absence of water molecules in the bath normally supplied by the metal salt, a methanol/ water mixture (9/1) was used as solvent. X-ray powder diffraction experiments were carried out on a Bruker AXS D8 diffractometer using Cu Kα radiation (λ = 0.15405 nm) and Ni filter with 2θ ranging from 5 to 80°with a step size of 0.02°(1.0 s per step) at 40 kV. Scanning electron microscopy was performed on a FEI Nova NanoSEM 450 instrument.
EXPERIMENTAL SECTION
5.2. Synthesis and Characterization. 5.2.1. 1-(4-Phenoxyphenyl)-1,3,4-triazole (ppt). In a solution of 4-phenoxyaniline (1 g, 5.4 mmol, 1 equiv) in 20 mL of toluene was suspended N,Ndimethylformamide azine dihydrochloride (1 g, 9 mmol, 1 equiv). The slurry was heated to 80°C for 2−24 h until complete dissolution was reached. The progress of the reaction was monitored by TLC. The reaction mixture was first cooled to room temperature and then to 5°C. The resulting precipitate was washed with 2 mL of cold ethanol and 5 mL of Et 2 5.3. Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction data of 1−9 and tpca were collected on a MAR345 image plate detector using Mo Kα radiation (λ = 0.71073 Å) either at ambient temperature or flash cooled to 150 K in a gaseous N 2 flow. The data were integrated with the CrysAlis Pro software. 61 The implemented empirical absorption correction was applied. The structures were solved by direct methods using the SHELXT program 62 and refined by fullmatrix least squares on |F 2 | using SHELXL2014/7. 62 Non-hydrogen atoms were anisotropically refined, and the hydrogen atoms were placed on calculated positions in riding mode with temperature factors fixed at 1.2 times U eq of the parent atoms and 1.5 times U eq for methyl groups. Figures were generated using Mercury software. 63 Crystallographic data are given in Table 1 .
The crystal of tpca was found to be twinned (two domains); the twin matrix was determined by the TWINROTMAT procedure in Platon, and the final stages of refinement were done against HKLF5 formatted data. Several crystals of 1 were tested but showed rather poor diffraction quality. As such, a data cutoff of 1A was imposed during data reduction, beyond which the crystal diffracted poorly, even with a low-temperature (150 K) data collection. The measured crystals were found to be twinned, and refinement was done against a multi-hklf4, with reflections from both twin domains scaled to the twin fractions. Overall, data reduction statistics are rather poor as can be seen in Table 1 . 2 contains several isolated lattice water molecules, for which not all hydrogen atoms could be located. This is due to the high degree of freedom which is available to these water molecules, due to the large pore size they reside in. For the water molecules where the hydrogen atoms could be localized in the density maps, the complete water molecule was refined as an idealized rigid group or the hydrogens were refined as riding on the parent O atom. Furthermore, the BF 4 − anion is disordered over two sites, illustrating the mobility of the molecules inside the large cavities. The use of isotropic restraints and enhanced rigid bond restraints was necessary to correctly refine the disordered anion. 3 also contains a large void filled with isolated water molecules. No hydrogens could be localized in the density maps, and the hydrogen bonding patterns could not be rationalized. The remaining void volume was treated with the Platon squeeze algorithm (204 Å 3 ). 40 Whole-molecule disorder (about 6% for the minor fraction) was detected but was only visible for the heavy-atom cluster (Cd and Cl atoms). The disordered [ZnCl 2 (ppt) 2 ] complex found on the 2-fold axis in the crystal structure of 4 was refined with an overall rigid bond restraint. The terminal phenyl group in 5 showed signs of movement in the form of elongated thermal ellipsoids and were subjected to a rigid bond restraint. 6 was integrated as a nonmerohedral twin and refined against a HKLF5 formatted reflection file. Due to the geometric constraints of the diffractometer (single ψ axis), in combination with the observed twinning, only 96.5% data completeness was reached. 6 contains three DMF solvent molecules, one of which was found disordered over two sites. Some restraints on the thermal ellipsoids were necessary to allow the refinement to converge, especially for the solvent molecules, for which isotropic and rigid bond restraints were applied, and thermal ellipsoids of the minor fraction of the disordered DMF molecule were constrained to be identical with the major part (72/28 ratio). Some large residual density peaks close to the Hg metal center are present in 8, which are probably due to a combination of absorption and truncation errors during the Fourier transform. In 9 the lattice water molecule was idealized and refined as a rigid group able to rotate around the central O atom.
A suitable crystal of ppt was selected and mounted on a nylon loop on a SuperNova Dual Cu at zero diffractometer, equipped with an Atlas CCD detector. The crystal was kept at 100 K during data collection. Using Olex2, 64 the structure was solved with ShelXS, 65 the structure solution program using direct methods and refined with ShelXL, 62 and the refinement package using least-squares minimization. Nonhydrogen atoms were anisotropically refined and hydrogen atoms were placed in the riding mode with isotropic temperature factors fixed at 1.2 times U eq of the parent atoms. CCDC 1918038−1918047 and 1920056 (ppt) contain supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures
